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Chapter 7
Time Effects in Cerebral
Activation Patterns Related to
Skills Practice.
M. Beudel, B. M. de Jong
In preparation
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7.1 Introduction
In the preceding Chapter 6 (Beudel and de Jong, 2009) we explored cerebral
processing underlying free choice selection in visuomotor actions, in such a way
that free selections concerning external (spatially-defined) targets were disso-
ciated from selection of fingers, i.e. selection made within an internally defined
body scheme. By contrasting free- and invariantly defined (fixed) movements,
a central role of the pre-dorsal premotor cortex (pre-PMd) was demonstrated
in such free selection. The experimental design of the fMRI study in Chapter
6 consisted of 4 stimulus-response conditions, ordered in 2 runs. A consis-
tent decrease in reaction times that was seen between the 2 runs for all 4
conditions (Chapter 6, Fig. 6.1C) suggested a learning effect. Improved skill
due to repeated motor performance has been considered to rely on procedu-
ral memory, classified as a subdivision of non-declarative (implicit) memory
(Squire and Zola, 1996). A contribution of the basal ganglia to general skill ac-
quisition has been extensively reported (Brainard and Doupe, 2000; Graybiel
et al., 1994). Repeated stimulus-response trials may further include enhanced
stimulus-response binding, particularly when such stimuli are ordered in a hid-
den sequence. The basal ganglia play also role in such visuomotor learning,
both in case of hidden sequence order (Rauch et al., 1997) and in conditions
with randomly ordered stimuli (van der Graaf et al., 2004). The latter has
been proposed to reflect an improved balance between contractions of agonis-
tic and antagonistic muscles, particularly based on the inhibition of unwanted
movements (de Jong et al., 2003; Mink and Thach, 1993).
In this chapter we report further analysis of the learning effects that were in-
ferred from the changes in reaction times in Chapter 6. This analysis included
the assessment of changes in cerebral activations associated with a general
time-effect. In addition to the identification of cerebral regions involved in
general skills learning, we studied the presence of condition-specific changes
of activation over time. In this respect we were particularly interested in the
question whether cerebral circuitry specifically related to the fixed stimulus-
response conditions (compared to free selection) might provide indications for
enhanced stimulus-response associations (van der Graaf et al., 2006).
7.2 Materials & Methods
Acquisition and pre-processing of the fMRI data is described in chapter 6.
Each experimental condition was presented 16 times, 8 times in the first run
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and 8 times in the second run. To model the development of cerebral activa-
tions over time, a linear model consisting of the values 1 to 16 was applied to
these 16 repetitions. At subject level, these time effects were contrasted with
the time effects present in the baseline condition. The resulting activation pat-
terns were modeled at second level in a 2 ×2 ANOVA for repeated measures
with characteristics as described in chapter 6.
The common increases and decreases of activation over time of the four experi-
mental conditions relative to baseline were obtained by conducting conjunction
analyses using inclusive masking of respectively the increases and decreases of
activations in the four experimental conditions relative to baseline. For this
analysis a threshold of P <0.001 (uncorrected) was used. Clusters of cerebral
activation were considered to be statistically significant at a P <0.05, whole-
brain corrected. A similar threshold was used for the individual increases
and decreases of activation in the separate experimental conditions relative to
baseline. For the mutual comparisons between the experimental conditions a
more liberal threshold of P<0.005 (uncorrected) was used and clusters were
considered to be significant at a P value of lower than 0.05 without whole-brain
correction.
7.3 Results
Common increases of activation were predominantly present in the left, globus
pallidus, putamen, caudate and thalamus (Color Fig. 9 on page 207, Tab.
7.1). In the cortex, no common increases of activation over time were present.
Next to this, no common decreases of activation were present over time, nei-
ther in the cortex, nor subcortically. For each of the 4 conditions, however,
both time-related increases and decreases were present, relative to the baseline
condition (Color Fig. 10 on page 208). In general, the time-related increases in
the two fixed selection conditions showed a wider distribution over the lateral
hemispheres than the pattern of increases in the two free selection conditions.
Contrasting the increases of cerebral activation over time in fixed finger selec-
tion to those in free finger selection showed that the time-related increase was
stronger in respectively the left angular gyrus (Brodmann’s Area (BA) 39),
the ventral premotor cortex (BA 6,44) and the middle temporal gyrus (BA
21, Color Fig. 11 on page 209, Tab 7.1). The specificity of this fixed-finger-
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Stereotactic coordinates/T value
Brain Region, Brodmann’s Area (BA) left right
x y z T x y z T
A. Common Increases of Activation
Pallidum -20 4 0 5.6
Putamen -26 -10 4 5.0
Caudate -14 14 6 4.6 16 18 0 5.1
Thalamus -14 -24 6
B. Fixed Finger Selection>Free Finger Selection
excl. masked by Fixed Button Selection
>Free Button Selection
Premotor cortex
Precentral gyrus (6) -44 8 50 5.0
Middle frontal gyrus (8) -34 10 56 3.1
Inferior frontal gyrus p.triangularis (44) -42 14 36 2.9
Temporal cortex
Middle temporal gyrus (21) -52 -34 -6 3.7
Middle Temporal gyrus (37) -44 -36 -6 3.4
Middle Temporal gyrus (21) -48 -24 -10 3.2
Inferior parietal cortex
Angular gyrus (39) -52 -60 40 3.4
Angluar gyrus (39) -58 -56 30 3.1
Angluar gyrus (39) -44 -68 44 3.1
C. Fixed Button Selection>Free Button Selection
excl. masked by Fixed Finger Selection
>Free Finger Selection
Dorsal Prefrontal Cortex
Middle frontal gyrus (9) 24 24 42 4.3
Superior frontal gyrus (9) 16 40 50 3.9
Temporal cortex
Middle temporal gyrus (20) 50 -26 -8 4.1
Middle Temporal Gyrus (21) 58 -20 -10 3.3
Middle Temporal Gyrus (21) 58 -12 -12 3.3
D. Fixed Finger Selection < Free Finger Selection
excl. masked by Fixed Button Selection
< Free Button Selection
Postcentral gyrus (3) 50 -28 58 3.9
Medial superior parietal cortex (5) 10 -58 54 3.7
Medial superior parietal cortex (5) 14 -40 48 3.6
Table 7.1: Increases of cerebral activations over time. Coordinates refer to the vox-
els of maximum increase within clusters of significant activation (P < 0.05, whole-
brain uncorrected at cluster level). For the common increases of activation in all ex-
perimental conditions (A), the voxel-height threshold was P < 0.001 (uncorrected).
For the comparisons between experimental conditions (B-D), the voxel-height thresh-
old was P < 0.005. Positive x, y, and z coordinates (in millimeter) indicate locations
to right, anterior, and superior, respectively, to the middle of the anterior commis-
sure. BA: Brodmann’s Area.
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related time effect was underscored by the observation that the activation
pattern persisted after exclusive masking with the increases over time in fixed
button selection relative to the free button selection. The opposite contrast
revealed a decrease of activation over time in fixed finger selection, relative
to the time effect in free finger selection, in the (ipsilateral) right postcentral
gyrus (BA 3, Tab. 7.1). The latter was indeed a time-related decrease be-
cause fixed finger selection contrasted to baseline showed the same decrease
over time (Color Fig. 10 on page 208).
In the condition with fixed button selection condition, relative to free button
selection, a stronger activation increase over time was present in respectively
the right dorsal prefrontal cortex (BA 9) and the middle temporal gyrus (BA
21). Exclusive masking with the increases over time in fixed finger selection
versus free finger selection revealed that this pattern of activations remained
similar. No difference in activation was seen when contrasting the positive time
effect in free button selection to that in the fixed button selection condition.
7.4 Discussion
The time effects in cerebral activations described in the present chapter con-
cerned both a general effect for all 4 stimulus-response conditions as well as
effects that were task-specific. The increase of activation over time that was
common for all experimental conditions occurred in the basal ganglia, while
no common increases of cortical activation were present over time. Neither
were common cortical or subcortical decreases seen. An important finding
was the stronger time effect in both fixed finger- and fixed button selection,
when compared to respectively free finger- and free button selection. In this,
it is important to consider that in the fixed selection conditions, the audi-
tory stimulus coded for a specific visuomotor response, while in free selection
such auditory signal only served as a cue to act. On might thus speculate
that in the fixed selection conditions, enhanced efficiency of stimulus-response
binding occurred, even in case of randomly ordered stimuli. Particularly the
presence of increased middle temporal gyrus activation in the two fixed selec-
tion conditions support such a link between circuitries processing respectively
auditory stimuli and response preparation. The differences in the patterns
of time-related increase, with (1) left temporal and left parietal-premotor ef-
fects in fixed finger selection and (2) right temporal and right dorsolateral
prefrontal effects in fixed target selection, indicate segregated learning effects
in respectively the direct representation of body scheme and more indirect
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representation of external targets.
7.4.1 General subcortical increases over time
The common increase of subcortical activation consisting of, especially the left,
basal ganglia and thalamus might reflect a dynamic reorganization during the
acquisition and consolidation of a skill (Yin et al., 2009). Especially the peak
activation in the left globus pallidus is in line with its proposed role in the
selection and inhibition of motor programs (Mink and Thach, 1993) that is
required for the acquisition of a skill. The fact that these activations were not
related to either stimulus (fixed/free) or response (finger/button) further illus-
trates the role of the basal ganglia in the specific selection of the appropriate
muscles independent of the experimental task (van der Graaf et al., 2004).
7.4.2 Condition specific cortical increases over time
In fixed stimulus-response conditions, the association between stimulus and
response likely enhances over time. The increases of middle temporal gyrus
activation over time might indeed implicate auditory provided stimuli are only
further processed when they are associated with actual responses (Gazzola
et al., 2006). When these stimulus-response associations are still fragile, i.e.
in the beginning of the paradigm, fewer enhancements via these pathways
would occur. The lateralization of this middle temporal activation supports
the existence of specific access pathway to left and right hemispheric circuitry.
In the free selection conditions, the stimulus content does not code for a specific
response and is therefore not used for establishing enhanced stimulus-response
associations. The absence of specific increases of activation related in these
free selection conditions relative to the fixed selection conditions supported
that such specific enhancement is relatively absent.
7.4.3 Body-scheme based stimulus-response enhancement
The specific time-related activation of the left ventral premotor cortex and
angular gyrus in fixed finger selection strongly resembles the ventral part of
the dorsal stream that is involved in object manipulation (Binkofski et al.,
1999). The given that the activation in this ventral parieto-premotor network
evolves over time might reflect that this network only becomes activated when
sufficient binding of stimulus and response is present.
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The observed activation in the left angular gyrus in relation to both finger
selection and number processing is particularly intriguing because a lesion
around the left angular gyrus is associated with GerstmannO˜s syndrome (for
review see (Benton, 1992)). In this syndrome, the tetrad of left-right disorien-
tation, acalculia, finger agnosia and agraphia is present. Recently, rTMS over
the angular gyrus (Rusconi et al., 2005) has revealed that access to the finger
schema and number magnitude processing are affected in a similar way. This
further supports the relation between knowledge of numbers and body scheme.
The decreased activation over time in the primary sensory cortex in the fixed
finger selection condition might be due to the fact that when movements are
learned less ‘mirror movements’, induced by the ipsilateral primary sensori-
motor cortex are present. The given that rTMS over the ipsilateral primary
sensorimotor cortex enhances this learning supports this (Kobayashi et al.,
2009).
7.4.4 External-target based stimulus-response enhancement
Contrarily to the specific increases in the fixed finger selection condition, no in-
creased activation in parieto-premotor circuitry was present in the fixed button
selection condition. Instead of this motor-related activation, increased right
dorsal prefrontal activation, more remote from the ‘core’ motor system, was
present. This might implicate that the association between numbers and fin-
gers is more innate than the association between numbers and external-targets
(buttons) and that a more abstract translation between stimulus and response
is made at the level of the prefrontal cortex. Furthermore, no specific time-
related increase of activation was present in the right parietal cortex. This
supports our previous conclusion in chapter 6 (Beudel and de Jong, 2009)
that button selection generates less spatial demands than the pointing with a
stretched arm, as employed in our previous (PET) paradigm (de Jong et al.,
2001).
7.5 Conclusion
Taken together, by looking at the differences and similarities between time
effects of stimulus-response conditions that were either free or invariantly de-
fined (fixed) and either based on external targets or body scheme, we found
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common subcortical and differential cortical activations. This further illus-
trated the role of the basal ganglia in the specific selection of movements
independent of an experimental task. Next to this, the given that specific cor-
tical increases were only seen in the fixed selection conditions, and not in the
free selection conditions, indicated that only when an actual stimulus-response
association is present, enhancement of related cortical circuitry occurs. The
differential enhancements in left parieto-premotor circuitry and the right dor-
solateral prefrontal cortex in respectively the body scheme and external target
based selection condition reflected a stronger intrinsic association between fin-
gers and numbers than between buttons and numbers. This ‘mapping’ of
auditory stimuli related to finger movements on parieto-premotor networks,
putatively via the medial temporal cortex, over time shows the plasticity of
these sensorimotor networks.
